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Abstract: The optical and electrical properties of InAs quantum dots 
epitaxially grown on a silicon substrate have been investigated to evaluate 
their potential as both photodiodes and avalanche photodiodes (APDs) 
operating at a wavelength of 1300 nm. A peak responsivity of 5 mA/W was 
observed at 1280 nm, with an absorption tail extending beyond 1300 nm, 
while the dark currents were two orders of magnitude lower than those 
reported for Ge on Si photodiodes. The diodes exhibited avalanche 
breakdown at 22 V reverse bias which is probably dominated by impact 
ionisation occurring in the GaAs and AlGaAs barrier layers. A red shift in 
the absorption peak of 61.2 meV was measured when the reverse bias was 
increased from 0 to 22 V, which we attributed to the quantum confined stark 
effect. This shift also leads to an increase in the responsivity at a fixed 
wavelength as the bias is increased, yielding a maximum increase in 
responsivity by a factor of 140 at the wavelength of 1365 nm, illustrating 
the potential for such a structure to be used as an optical modulator. 
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1. Introduction 
Silicon based photonic devices have attracted considerable attention over recent years due to 
the potential to have optical components compatible with Si based CMOS circuitry [1,2]. A 
number of developments have been made over recent years in the development of Si-based 
waveguides [3] and modulators [4]. For operation at the important telecommunications 
wavelength of 1300 nm the best Silicon-based infrared detectors are based on growing bulk 
Ge on Si [5,6]. However currently these devices have higher dark currents than InGaAs 
diodes limiting their usefulness in practical applications. For example dark current densities of 
5 A/cm2 for a Ge diode operating at 1300 nm [5] (with an intrinsic region width of 300 nm) 
and 2 mA/cm2 for a Ge diode operating at 1550 nm [6] (with an intrinsic region width of 1 
µm), were reported at 1 V reverse bias, while a commercial InGaAs photodiode, such as the 
Hamamatsu G11193-02R, has a dark current density of 0.1 µA/cm2 at 5V reverse bias. 
Recently great progress has been made at growing In(Ga)As quantum dots on silicon [7] 
and Ge [8] substrates, to realize lasing at a wavelength of 1300 nm [9]. Quantum dots are 
expected to offer several advantages over the current approach of bulk Ge on Si due to their 
zero dimensional density of states, including lower dark currents at room temperature, 
although there is the drawback of a reduced absorption coefficient. Additionally Quantum 
Confined Stark Effect (QCSE) previously observed in In(Ga)As quantum dots grown on 
GaAs substrates [10,11] could be exploited to form tuneable photodetectors. The QCSE has 
also previously been utilized to form an optical modulator [12] based on In(Ga)As quantum 
dots grown on GaAs. Given these potential advantages, it is of interest to evaluate In(Ga)As 
quantum dots grown on silicon substrates for detector and modulator based applications. The 
only report so far [13], demonstrating an electroabsorption modulator operating at 1300 nm 
using QCSE in InGaAs quantum wells grown on silicon, achieved 100% modulation depth at 
a bias of 5 V. However the complete modulator system consisted of a quantum dot laser and a 
separate quantum well modulator increasing the complexity of the device growth and 
fabrication. 
In this paper we investigate the use of ~1300 nm wavelength InAs quantum dot structures 
monolithically grown on Si as photodiodes. We have obtained the characteristics of our 
diodes in terms of responsivity versus wavelength, forward and reverse bias dark current 
densities versus bias, as well as avalanche gain versus reverse bias. These results are 
#161703 - $15.00 USD Received 18 Jan 2012; revised 17 Feb 2012; accepted 17 Feb 2012; published 20 Apr 2012
(C) 2012 OSA 7 May 2012 / Vol. 20,  No. 10 / OPTICS EXPRESS  10447
compared to those reported for bulk Ge on Si photodiodes and APDs that also operate at 1300 
nm wavelength. We also discuss the possibility of using such structures as optical modulators 
at wavelengths ~1300 nm by exploiting the QCSE. 
2. Growth and fabrication details 
InAs/GaAs quantum dots were grown by Molecular Beam Epitaxy on Silicon substrates and 
then fabricated into mesa diodes with optical access. A schematic diagram summarizing the 
wafer grown is shown in Fig. 1(a). It comprises a GaAs buffer layer followed by 50 periods of 
an undoped AlGaAs/GaAs superlattice. 5 periods of InAs/InGaAs dot-in-a-well (DWELL) 
each separated by a 45-nm GaAs spacer layer are sandwiched in a p-i-n structure. The indium 
containing layers were grown at a temperature of 510 °C while the GaAs layers were grown at 
580 °C. Previous AFM studies on similar structures [9] estimated a dot density of 4.3 × 1010 
cm−2, while TEM (Fig. 1(b)) analysis indicated a dot height of 6 nm and a base width of 25 
nm for this wafer. The structure investigated in this work was initially designed to operate as 
an LED so was not optimised for detection purposes. Circular mesa diodes with radii of 200, 
100, 50 and 25 µm were fabricated from the wafer via wet chemical etching and metal 
depositions of p-contact (Au-Zn-Au) and n-contact (InGe-Au). 
 
Fig. 1. (a) Schematic of wafer structure. (b) TEM image of the wafer. 
3. Results 
To assess our diodes as photodiodes operating at 1300 nm wavelength we measured the 
responsivity of the device and room temperature photoluminescence (PL) spectra from as-
grown material, as shown in Fig. 2. For the responsivity measurements, white light from a 
tungsten lamp was passed through a monochromator so that light at a chosen wavelength can 
be focused onto the mesa diode to enable measurements of photocurrent as a function of 
wavelength. The responsivity for a given wavelength was given by the ratio of the 
photocurrent, measured using a phase sensitive detection method, to the optical power on the 
diode, measured using an optical power meter. For the PL spectra a separate piece of sample 
was excited with a 532 nm CW laser with a variable output power of up to 1 W. The emission 
from the sample was then collected and focused onto the input slit of a monochromator before 
being dispersed in wavelength and measured by a liquid nitrogen-cooled Ge detector. 
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 Fig. 2. - Room Temperature responsivity of a 200 µm radius device (left axis, solid line) and 
photoluminescence spectra (right axis, dashed line) of the as grown samples. 
In Fig. 2, the main PL peak and a small responsivity peak (5 mA/W) at the wavelength of 
1280 nm suggest that the ground state transition of the quantum dots occurs at 1280 nm. There 
is a secondary peak in the PL at a wavelength of 1210 nm. In excitation power dependant PL 
measurements (data not shown here), the relative heights of the main and secondary peaks 
remain constant over the range of excitation powers used (from 20 to 1000 mW), suggesting 
that the two PL peaks originated from a bi-modal dot distribution in the sample. In the 
responsivity data, there is a sharp decrease in responsivity at 1100 nm, which is attributed to 
the wetting layer due to the lack of corresponding PL feature. 
The responsivity due to ground state transition of the dots shown in Fig. 2 is less than that 
for Ge grown on Si [5] at comparable wavelengths, because there are only 5 layers of dots in 
our wafer, resulting in incomplete light absorption. In addition to the obvious need to increase 
the number of dot layers, incorporation of quantum dots in a resonant cavity structure can 
increase the quantum efficiency. For instance an external quantum efficiency of 90% at ~1 µm 
wavelength was reported for a resonant cavity enhanced photodiode with 23 layers of 
In(Ga)As quantum dots [14]. Also the wavelength at which peak responsivity occurs (1280 
nm for this work) could be increased to 1310 nm through changes to the dots, such as by 
changing the amount of InAs deposited for the dots growth or post growth annealing. 
 
Fig. 3. (a) Dark current densities for 200, 100, 50 and 25 µm radius devices. The data is 
compared with Ge on Si and commercial InGaAs photodiodes. (b) Forward current 
characteristics of a 200 µm radius mesa diode. 
The reverse bias dark current densities of diodes with different radii are compared in 
Fig. 3(a). The reverse dark current densities are in good agreement indicating that dark 
currents are dominated by bulk leakage mechanism(s). At low voltages our diodes exhibited a 
dark current density ~2 orders of magnitude higher than that of commercially available 
InGaAs photodiodes which respond to 1.3 µm light (also plotted in Fig. 3(a)). However our 
dark currents are two orders of magnitude lower than some Ge on Silicon devices [5,6]. A 
sharp increase in the dark current was observed ~25 V, which is considered as the avalanche 
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breakdown voltage of our diodes. For voltages above 27 V the rise in current density appears 
to be limited by series resistances, which was more clearly observed in and corroborated by 
our forward bias dark current measurements (Fig. 3(b)). 
To further study the breakdown behaviour we measured the avalanche gain versus reverse 
bias from the device. The device was illuminated by mechanically chopped light from a 1310 
nm wavelength CW laser. The resultant photocurrent was measured as a function of reverse 
bias. To correct for increase in carrier collection efficiency due to the widening depletion 
region as the reverse bias increases, the primary photocurrent at low bias was linearly 
extrapolated to high bias [15]. The measured photocurrent was normalized to the primary 
photocurrent to yield the avalanche gain, which is shown in Fig. 4(a). Since no photocurrent 
saturation was observed at the laser power used, as indicated by our data of zero bias 
photocurrent versus 1310 nm laser power plotted in Fig. 4(b), the increase of photocurrent due 
to increased electron escape probability from high energy states is likely to be small. The 
primary photocurrent correction technique adopted is therefore appropriate. 
 
Fig. 4. (a) Avalanche gain data of a 200 µm radius diode measured using lasers with 
wavelengths of 1300 nm (symbols) and 633 nm (dashed line). (b) Dependence of photocurrent 
as a function of excitation power. 
In Fig. 4(a), a gradual increase in the multiplication begins at ~10 V and continues until 
more significant avalanche gain occurs at ~22 V. The sharp increase in avalanche 
multiplication between 23 and 26 V is consistent with the rapid rise in dark current densities 
in Fig. 3(a), confirming the impact ionization as the dominant breakdown mechanism. Most of 
impact ionization events are believed to have taken place in either the GaAs barrier layers or 
the AlGaAs/GaAs grading superlattice for the following reason. 
The i-region comprises a total GaAs thickness of 225 nm. GaAs i-layers with similar 
thickness have exhibited a breakdown voltage ~15 V [16] while the breakdown voltage of a 
GaAs/AlGaAs superlattice is similar to that of an equivalent alloy [17,18]. Since the 
breakdown voltage of our device is significantly higher than 15 V, we attribute the large 
breakdown voltage observed (25 V) to the impact ionization occurring in both the GaAs 
spacers and GaAs/AlGaAs superlattice. This result suggests that photons can be absorbed in 
the dot layers and the photo-generated carriers then undergo avalanche multiplication in other 
layers. 
We now consider the origin of the small increase in gain between 10 and 22 V. It is 
possible that QCSE in In(Ga)As quantum dots [10,11] may have affected the absorption 
coefficient of the quantum dots in such a way to cause an increase in photocurrent with 
reverse bias, which we then interpreted as increase in gain with reverse bias. To assess 
whether QCSE has influenced our avalanche gain data obtained using 1310 nm light, 
measurements were repeated using a 633 nm wavelength laser. The light is strongly absorbed 
by the top GaAs, the AlGaAs p+ layer and the GaAs spacer layers so avoiding the QCSE. The 
633 nm wavelength data, included in Fig. 4, shows a unity gain up to 22 V, after which a 
dramatic increase in the gain is observed. Hence the low voltage increase in gain from the 
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1300 nm wavelength data is in fact due to changes in the 1300 nm wavelength absorption 
coefficient versus reverse bias. 
Our avalanche gain results indicate that 1.3 µm Si-based APDs using InAs quantum dots 
are possible. They could be an attractive alternative to current Si-based APDs with Ge 
absorption layer and Si multiplication layer. Using InAs quantum dots offers lower dark 
currents at unity gain (as observed in Fig. 3(a)), the possibility to incorporate Bragg stacks to 
develop resonant cavity devices, and possible incorporation with wide bandgap AlGaAs 
which can reduce the excess noise [19] as well as the band to band tunnelling current. On the 
other hand Si avalanche region provides lower excess noise than GaAs (for example with an 
avalanche width of 0.3 µm and under pure electron injection a value for the effective 
ionization coefficient ratio of 0.2 [20] is obtained while for GaAs a value of 0.4 [21] has been 
measured) while bulk Ge has a larger absorption coefficient than the quantum dots at ~1300 
nm wavelength. 
The result in Fig. 4(a) indicates that photon absorption in these dots can be affected by the 
QCSE. This can be more easily observed from the data of responsivity versus wavelength as a 
function of reverse bias, which are shown in Fig. 5. 
 
Fig. 5. Responsivity curves from a 200 µm radius device at various reverse biases. 
The position of the peak in responsivity (due to the transition in quantum dots) shifted 
from 1280 nm at 0 V to 1365 nm at 22 V, corresponding to a change of 61.2 meV in energy. 
This value is larger than the 30 meV from In(Ga)As quantum dots reported in Refs [10,11] 
due to an increase in electric field from 0 to ~300 kV/cm, because of the larger change in 
electric field of 515 kV/cm in our data. For a comparable change in electric field, our results 
yield a peak shift of 33 meV, consistent with values from Refs [10,11]. Figure 5 also shows a 
slight increase in the responsivity across all wavelengths at the highest bias, consistent with 
the avalanche gain results in Fig. 4(a). 
The red shift observed in Fig. 5 suggests that it may be possible to use these structures to 
form an optical modulator. A key figure of merit for a modulator is the extinction ratio, 
defined as the ratio between the optical power of the off and the on signals. Our top 
illuminated mesa diode configuration used in this work is not optimized for extinction ratio 
measurement since optical modulators are typically incorporated into a waveguide structure to 
maximize the absorption. Still the change in the responsivity with reverse bias at a fixed 
wavelength provides some indication of the potential for this structure as an optical 
modulator. As impact ionization does not influence the performance of a modulator, we have 
used gain-normalized responsivity curves to simplify the analysis. At 1300 nm the 
responsivity increases by a factor of 2.9 as the voltage is increased from 0 to 22 V. There is 
much room for improvement on this value as currently the absorption of the dots is not 
optimized for 1300 nm. A larger increase in responsivity was obtained at 1365 nm where 
responsivity increases by a factor of 140 as the bias increases from 0 to 22 V. 
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4. Conclusion 
In conclusion we have evaluated the potential of In(Ga)As quantum dots grown on silicon as 
photodiodes by characterising their electrical and optical properties. The responsivity spectra 
showed a peak related to quantum dot transition at 1280 nm of 5 mA/W, with an absorption 
tail extending beyond 1300 nm. The measured dark currents are over three orders of 
magnitude lower than those for Ge on Si detectors and we have observed avalanche gain at 
1310 nm. We have also evaluated the influence of the QCSE and considered the relevance of 
this to developing a quantum dot based optical modulator grown on silicon. 
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